e effective numerical model of stitched sandwich composite plays crucial role in dynamics analysis and structural design. A sensitivity-based multistage model updating method is proposed for modeling of the stitched sandwich panel using the experimental modal frequencies. Based on applying the periodic boundary condition, the initial equivalent finite element model of a stitched sandwich composite is constructed; the measured frequencies are obtained from the modal test. According to relative sensitivity analysis of modal frequencies with respect to updating parameters, the different well-conditioned groups of parameters are selected to be updated. is method is applied to a stitched sandwich panel with established configuration of the stitches. Results show that the proposed method with the smallest condition number of relative sensitivity matrix has a better performance than the multistage method using type-based parameter group selection and the traditional model updating approach.
Introduction
e stitched sandwich composites have widely been applied in engineering because of the brilliant property in throughthe-thickness direction [1] , which is designed to achieve high interlaminar strength and the high ratio of stiffness to weight [2] . Numerical model with high accuracy plays an important role in composite structural dynamics analysis. e mechanical properties of the stitched sandwich composite depend on many factors, and these properties are difficult to be determined. e effective material parameters of the stitched sandwich composite can be determined from the experimental, theoretical, and numerical methods. Singh and Saponara [3] conducted a standard test on the change in flexural, core shear and compression with respect to variable stitch angle. e numerical methods are convenient and effective to obtain and investigate the mechanical properties and behaviors of the composites. Wang et al. [4] investigated the flexural properties of stitched sandwich structure using the experimental and numerical methods and, furthermore, analyzed the effects of stitching density and core thickness. Ai et al. [5] [6] [7] modeled the refined finite element model (FEM) of the stitched sandwich panel and discussed the effects of stitches, such as the stitching angle and step, on the mechanical and thermodynamic properties. e experimental, theoretical, and numerical comparisons of the mechanical behaviors of the stitched sandwich panel can also be found in Refs [4, [8] [9] [10] [11] [12] [13] . e authors also make efforts on experimental and numerical methods to predict and verify structural behaviors of other types of composites [14] [15] [16] [17] [18] . ese studies obtained effective material properties and further predicted structural responses of the complex composites. However, the test data were always used as the postvalidation data to verify the accuracy of the numerical model, and these studies without combination of the testing and simulation still leaded to discrepancies between real and numerical models. e accurate model parameters of the FEM should be identified and verified using corresponding test data. In general, model updating is adopted to reduce the error in the parameter estimations of composites [19] [20] [21] . Modal properties reflect the macromechanical performance of the global structures. e modal parameters are applied to assess the accuracy of the equivalent dynamical model. Recently, model updating approaches [22, 23] were developed to estimate the elastic properties of composite materials by minimizing the discrepancies of modal frequencies between experimental and the computational results. Tam et al. [24] reviewed the material properties identification methods using the nondestructive vibrational evaluation. Li et al. [25] used the vibration test data to the identification of the stitched sandwich panel.
Without loss of generality, the parameter identification and model updating algorithms for other composites can also be applied to the stitched sandwich composites. In order to identify the material properties of the individual layer of laminate plates, Lauwagie et al. [26] proposed a multimodel updating routine by using a number of natural frequencies with different plate configurations. Cunha and Piranda [27] identified the stiffness properties of composite tubes from dynamic tests. Important factors including potential energy evaluation, placement of sensors, and multiple eigenvalue problems were discussed in model updating for the tubes. Ayorinde and Yu [28] applied the model updating method to identify properties of a composite rectangular plate, and the main factors affecting the vibration-based parameter identification method were discussed as well. Experiment on specimens of epoxy reinforced with carbon fibers and aluminum alloy was conducted by Antunes et al. [29] , and the accuracy of the material properties obtained using the model updating method was studied. Considering the uncertainties in the experiment and equivalent parameter of composite materials, Jiang et al. [30, 31] proposed the combined initial parameter estimation and stochastic model updating-based parameter identification approach. Missoum et al. [32] proposed a numerical parameter identification process for the skin properties in a foam core sandwich panel.
Mottershead et al. [33] pointed out that the convergent solution is difficult to be obtained in the classical weighted least squares method because of an ill-conditioned sensitivity matrix. Hansen [34] and Vogel [35] proposed regularization methods for obtaining a solution of the inverse problem. Li and Law [36] proposed an adaptive Tikhonov regularization method for giving a stable and convergent solution.
e treatment of ill-conditioned equations is a central problem to finite element model updating. e sensitivity-based model updating methods gave an efficient way to update the equivalent composite parameters using the test data and numerical model. e selection of the sensitive parameter with low condition number in inverse problem will improve the updating accuracy of the equivalent FEM of the stitched sandwich composite.
A relative sensitivity-based multistage model updating method is proposed to update the equivalent properties of the stitched sandwich panel. In Section 2, the equivalent modelling and modal testing for the stitched sandwich panel are presented. e sensitivity-based multistage model updating method is developed in Section 3. In Section 4, the application results of the proposed method on a stitched sandwich panel with established configuration of stitches are presented and compared with the traditional schemes. Conclusions are drawn in Section 5.
Equivalent Modelling and Modal Test

Homogenized Equivalent Modelling for Stitched Sandwich.
e stitched sandwich specimen investigated in this study is shown in Figure 1 . e geometric dimensions of the specimen are length a � 400 mm, width b � 200 mm, and height h � 11.5 mm. e stitched sandwich specimen consists of the foam core, two thin layers of face sheet, and stitching fibers. e thickness of the face sheet and the foam core are 1 mm (t 1 ), 0.5 mm (t 2 ), and 10 mm (t 3 ), respectively. As shown in Figure 1 , the stitching threads are used for combining the skins and foam core together to reinforce through-thethickness property. e cross-sectional diameter of the stitching thread is 1 mm, and the distance between two stitching fibers and the stitching step are same to 15 mm [5] . To investigate the dynamic properties of the stitched sandwich specimen, a numerical analysis is a convenient way to the structural analysis.
Due to the diversity in the consisted components, a refined numerical model of the stitched sandwich composite decreases the computation efficiency. Based on the previous study, the homogeneous equivalent modelling method [37] can be applied to the homogeneous equivalent modelling of the stitched sandwich specimen. In this modelling approach, a multicomponent composite material heterogeneous unit cell can be analyzed as the unified homogeneous orthotropic anisotropic model. e theory is introduced as follows. e unit cell of the stitched sandwich specimen consisted of multicomponents as shown in Figure 1 . e heterogeneous structure can be equivalent to the homogeneous orthotropic anisotropic structure. e constitutive relationship equation of the macroequivalent unit cell is given as
where σ m and ε m are the homogenized stress and strain vector, respectively, and C is the stiffness matrix of composites. Inverse the stiffness matrix C to get the compliance matrix of composites R: R � C − 1 . By enforcing the uniform strain boundary conditions, the matrix can be obtained, and the equivalent elastic parameters can be determined from the compliance constants:
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where E is Young's modulus, G is the shear modulus, and ] is Poisson's ratio. Subscripts correspond to the different directions of the material. e symbol (�) means the equivalent value of the elastic properties. Figure 2 shows the estimation procedure of the equivalent elastic properties of the stitched composite panel. If the unit cell in Figure 1 is subjected to unit macrostrain (i.e., ε 11 � 1 and ε 22 � ε 33 � ε 23 � ε 31 � ε 12 � 0), the stress vector is obtained by static analysis and equals to the first column of the stiffness matrix (i.e., [C 11 C 21 C 31 C 41 C 51 C 61 ] T ). Similarly, the retained five columns of the stiffness matrix are calculated by giving appropriate enforced unit macrostrain (loops from l 2 to l 6 in Figure 2 ). e macroscopic compliance matrix S then be obtained, and the equivalent elastic parameters finally be determined using equation (2) . Table 1 gives the initial equivalent elastic properties of the stitched sandwich panel.
e refined and equivalent FEM of the stitched sandwich panel are shown in Figure 3 . e refined FEM consists of shell elements (face sheet), solid elements (foam core), and bar elements (stitching thread). Based on the homogenized modeling method, the effect of the stitching thread can be considered in the equivalent FEM, which consists of shell elements (face sheet) and solid elements (foam core). e total number of the refined and equivalent FEM modes are 9963 and 462, respectively. e Lanczos method in Nastran is used for the numerical modal analysis, and the computation time of the equivalent model is 11.191 s, while the computation time of the refined model is 103.792 s. e basic properties of the computer are AMD Ryzen 5 2600X Six-Core Processor 3.6 GHz and 16 GB RAM. It is shown that the equivalent model has high efficiency for modal analysis.
According to the equivalent properties determined using the homogenized parameter estimation method, the orthotropic material properties of the shell and solid elements in Figure 3 are listed in Tables 2 and 3, respectively.
Experimental Modal Analysis. Experimental modal analysis (EMA) performs well on determining the natural frequencies and mode shapes of structures.
e impact hammer testing has become widespread as an efficient and economical mean of finding the modal parameters in EMA [38] . e general procedure and test arrangement of modal testing using the impact hammer with one accelerometer is shown in Figure 4 . e process involves mechanically exciting the test structure via impulse force and then measuring the resulting vibratory response. Assume that the accelerometer locates at #i, and the test structure is driven with the impact hammer moving from #1 to #n. e row of the frequency response function (FRF) matrix is computed e modal parameter estimation phase, which is referred to as curve fitting, is implemented using frequency-domain data in this study. e most common methods employ single-mode method and multiple-mode method. e estimation algorithm attempts to decompose measured data into the principle components that make up the measured data such as the frequency, damping, and mode shapes. Figure 5 shows the modal testing setup of the stitched sandwich specimen in laboratory. As illustrated in Figure 5 , the specimen is hung with soft ropes to simulate the free-free boundary condition. 45 excitation points are arranged on the Foam core panel, and the fixed accelerometer (sensitivity 42.8 pc/g) is located at point 39. e impact hammer (sensitivity 3.71 mV/N), driving from point 1 to 45, is applied to measure the impulse force. e analysis frequency is 1000 Hz. Figure 6 illustrates several measured FRFs at points #12, #14, and #22. e curve fitting is applied to estimate the modal parameters of the test panel; the summation FRF (blue curve) is also shown in Figure 6 . Based on the measured data, the estimated modal parameters, modal frequency, and mode shape are listed in Table 4 and Figure 7 , respectively. Results illustrate that the equivalent model can represent the refined model as the low differences of the natural frequencies. However, the equivalent model still has discrepancies between experimental and numerical model; the equivalent FEM should be updated using the measured vibration data.
Model Updating Based on Multistage
Parameter Selection
Sensitivity Analysis and Parameter
Estimation. e purpose of model updating is to modify the property parameters of the numerical model and improve the accuracy of the analysis results. e model updating method is essentially an optimization which minimizes the discrepancies between the experiment and analytical outputs [33] . e objective function and the constraint are defined as
where p ∈ R M×1 is a vector of the parameters in the numerical model and z e and z a (p) ∈ R N×1 are the experimental and analytical modal data, respectively. r is the error vector of analytical modal data. W is a diagonal weighting matrix which represents the relative confidence in the experimental data in various modes. Iterations are taken to find the appropriate value p in the domain of definition [p l , p u ], which have a minimized value of the residual error in the objection function.
Resorting to the Taylor expansion, the optimization problem in equation (3) can be rewritten into the following equation in the jth iteration step in the scheme:
where S j � W 1/2 zz j /zp j is the weighed sensitivity matrix of the modal data with respect to the selected parameters. e sensitivity matrix S is computed at the current value of the e derivative of the modal parameters with respect to parameters is calculated by
e outputs (z e and z a j ) are typically eigenfrequencies, mode shapes, or complex frequency response functions of the structure. e residual ∆z j is assumed to be small if parameter p is in the vicinity of true value. e iteration format of parameters to be identified is obtained at each iteration:
is iteration procedure continues until consecutive estimates p j and p j+1 are sufficiently converged. In equation (6) , the solution p j+1 is affected by the inverse of the matrix (S T j S j ). A large condition number of the matrix will lead to an ill-condition problem in which an inaccurate solution is occurred. 13 Mathematical Problems in Engineering 
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Multistage Model Updating Procedure.
To deal with the problem that the inaccurate inverse solution caused by large condition number of the sensitivity matrix and enhance the accuracy of the equivalent model updating, the method multistage parameter selection for model updating is developed in this section. In the proposed multistage model updating method, updating parameters are divided into several groups and only one group of parameter is adopted to be updating in one stage procedure. e modified procedure will be executed several times until every group of parameters is modified and the residual error between numerical and experimental data sufficiently converged to be minimum. Compared with the traditional method, the multistage method could decrease the condition number of the sensitivity matrix. e major step of the multistage updating procedure is parameter group selection, which is introduced as follows.
In the equivalent model of the stitched sandwich panel, updating parameters should be determined from the modal testing data, and the parameter groups p 1 , p 2 , . . . , p n have the relationship as
where n is the number of parameter groups.
Two methods of parameter group selection are introduced in this paper. A concise method is to divide parameters according to the type of parameters. In the case of the sandwich panel, parameters related to the tensile modulus can be put in the same one group, so are others related to shear modules. e advantage of the type-based method is easy and visualized to operate. In order to be quantitative, the second relative sensitivity-based grouping method is an alternative approach to multistage parameter grouping. e parameter sensitivity matrix in equation (4), representing the change of output data caused by the perturbation of model parameter, reflects the effects on the structural performance of the parameter. e advantage of relative sensitivity method is that it avoids the influence of the quantity or unit used for parameters. e formulation of relative sensitivity matrix is given by
where z is the output modal data as in equation (5), p is the selected parameter vector of each group. e relative sensitivity matrix can also be used in equation (6) . Based on the calculated relative sensitivity matrix of the frequencies with respect to updating parameters, the parameters that have the same magnitude of the relative sensitivity can be put into the same group. e group which has the heaviest magnitude should be set as the first group so that the parameters can be modified firstly, and the remaining ones then are updated. e checking rule of the grouping method is based on the condition number of the selected group sensitivity matrix. e implementation process of the sensitivity-based multistage updating method, as shown in Figure 8 , can be illustrated as follows:
(1) Initial finite element model of the stitched sandwich panel is firstly established using the homogeneous equivalent method and estimate the initial equivalent parameters. (2) Relative sensitivity analysis is used for the multistage parameters selection. e updating parameter vector p is selected into n groups: p � p 1 , p 2 , . . . , p n . (3) Begining of multistage finite element model updating. Choose the α th parameter group p α to be updating parameters, construct the frequency residual using the measured data, update the selected parameter group to achieve a new converged parameter set p α , and finally renew the new group into updating parameter set P(α < n). (4) When all the parameter groups are renewed and the accuracy is satisfied, go to step (5) and the updated finite element model is obtained; Otherwise, set j � j + 1, return to step (3); the converged criterion is ‖Δp‖ ≤ 10 − 6 and ‖Δz‖ ≤ 10 − 6 . (5) e updated finite element model of stitched sandwich is obtained.
In brief, parameters in one group are modified at the same time in multistage model updating method, while parameters in the next group adopt the terminal value of the identification before and execute the modification in sequence. e multistage model updating method ensures that the experimental data are abundant at every step of model updating and the stability of every optimization iteration is enhanced. With the iteration times increasing of multistage updating, the parameter will converge at the true value.
Application to a Stitched Sandwich Panel
To verify the accuracy of the proposed method for the equivalent model updating, an established stitched sandwich panel as shown in Figure 1 is conducted in this paper. e equivalent finite element model of the stitched sandwich panel is shown in Figure 3 . e experimental and numerical modal frequencies are listed in Table 4 . As shown in Tables 2  and 3 , 15 elastic parameters of the equivalent model should be updated to achieve the accurate model. e relative sensitivity analysis is conducted to the initial selection of these elastic parameters. Table 5 gives the relative sensitivity of the sensitive parameters which will be updated using the measured data. It is noted that the number of the modes is larger than that of updating parameters, and solutions of the updating parameters can be executed to achieve the objective function of equation (3) . e comparison application of the traditional and the proposed approach will be discussed as follows. 
Traditional FE Model Updating.
e elastic parameters listed in Table 5 are together to be updated using the traditional model updating procedure. As shown in Table 5 , the magnitudes of the relative sensitivities are different, and two different weighting matrices are considered in the traditional method to the effect of the condition number. e two different weighting matrices are computed as W � max (z e ) × diag(z e ) − 1 and Ẃ� round(W), respectively. e symbol round( * ) means to round the values ( * ), i.e., round (3.4) � 3. e former one W aims to equalize the effect of the magnitude of residual frequency. e other one Ẃi s set up to investigate the stability of the algorithm. To ensure the parameter domain is wide enough to parameters searching, the upper and lower bounds are defined as 0.1p 0 ≤ p ≤ 6p 0 . Once the parameters converge to the boundary of the range, the result would be regarded as unauthentic. Figure 9 illustrates the convergent process of the selected parameters using two different weighting matrices. Table 6 indicates the comparison of updated frequencies between experiment and analysis. e maximum errors in different cases are 5.91% and 6.89%, and both of them occur at the 10 th mode. e frequency errors of the others are less than 5%; and the mean errors are 2.34% and 2.74% in case I and case II, respectively. e results in Table 6 show that the sensitivity-based model updating algorithm is stable to the application from the two different weighting matrices. It seems that the updated numerical model can predict the accurate dynamic properties (modal frequency) using the traditional model updating method. However, some updated parameters touch the boundary of the range shown in Figure 9 , which means that they might not be effective values after model updating. e condition numbers of the relative sensitivity erefore, the traditional method with two different weighting matrices does not completely avoid the ill-condition problem in the updating procedure, and it is essential to take afford to decrease the condition number of the relative sensitivity matrix. In this paper, the multistage model updating method with relative sensitivity-based parameter grouping is prior to being adopted to deal with the problem. Figure 4 , the major step of the process is the selection of the parameters for multistage finite element model updating. e proposed model updating method has advantages in the identification condition with many parameters and enhances the updating accuracy of the selected parameters. It ensures that the experimental data are abundant at every updated step and the condition number of sensitivity matrix is small enough to improve the inverse solution. Consequently, the parameters are divided into several groups with relative sensitivity analysis and updated using the multistage updating method.
Multistage FE Model Updating. As shown in
To compare the effect of different parameter group methods, two cases as shown in Section 3.2 are investigated in this application. Using the type-based and sensitivitybased parameter group selection method, the two investigated cases are listed in Table 7 . In case 1, parameters in the first group p 1 are relative to the tensile property, while parameters in the second group p 2 are corresponded to shear property. e two parameter groups in case 1 are p 1 � C 11 , C 22 , E 1 , E 2 and p 2 � C 44 , C 55 , C 66 , G 12 . e parameter group selections in case 2 are based on the relative sensitivity analysis and their condition number. In each case, parameters are divided into two groups, and the number of parameters in each group is less than the number of measured frequency and appropriate to be updated. e multistage model updating process is executed separately according to the two cases. e weighting matrix in the application is the same as W � max(z e ) × diag(z e ) − 1 . Figures 10 and 11 show the convergent curves of the elastic parameters for the two different cases of parameter grouping. e equivalent parameters can be updated by the two means of the parameter grouping. As shown in Table 8 , however, the mean errors for cases 1 and 2 are 1.87% and 1.68%, respectively. Results show that the accuracy of the updated modal frequencies is improved using the sensitivity-based multistage model updating method. e condition numbers of the sensitivity matrix in one of the iterations are listed in Table 9 . It is noted that the condition numbers of stages in case 1 (49. 26, 8.20) are larger than that of case 2 (12429, 8141), which illustrates that the ill-condition problem could be occurred in the type-based multistage model updating method easily. e combination of parameters whose relative sensitivities are similar can reduce the condition number in the updating procedure, and the updated results will also be improved using the proposed method. e final updated elastic parameters of the equivalent finite element model of the stitched sandwich panel are listed in Table 10 , and the modal assurance criterion (MAC) between experimental and analytical mode shapes is shown in Figure 12 . e MAC results show that the analytical mode shapes match well with the measured mode shapes.
Conclusions
A sensitivity-based multistage model updating method is proposed on a stitched sandwich panel using the experimental modal frequencies. In this method, the multistage parameter selections are based on the relative parameter sensitivity analysis, which avoids the large condition number of the sensitivity matrix in the updating procedure. e proposed 
